Transport Length, Quantum Efficiency, And Trap Density Measurement In Bi12sio20 by Dos Santos P.A.M. et al.
Transport length, quantum efficiency, and trap density measurement in Bi1 2SiO2 0
Paulo Acioly M. dos Santos, Paulo Magno Garcia, and Jaime Frejlich 
 
Citation: Journal of Applied Physics 66, 247 (1989); doi: 10.1063/1.343864 
View online: http://dx.doi.org/10.1063/1.343864 
View Table of Contents: http://scitation.aip.org/content/aip/journal/jap/66/1?ver=pdfcov 
Published by the AIP Publishing 
 
Articles you may be interested in 
Spectral dependence of photorefractive erasure in Bi1 2GeO2 0 and Bi1 2SiO2 0 
J. Appl. Phys. 66, 5146 (1989); 10.1063/1.343748 
 
The role of traps in the restoration of faded holographic images in Bi1 2SiO2 0 
J. Appl. Phys. 66, 3211 (1989); 10.1063/1.344137 
 
Hologram fixing process at room temperature in photorefractive Bi1 2SiO2 0 crystals 
Appl. Phys. Lett. 49, 1140 (1986); 10.1063/1.97446 
 
Optical measurement of the photorefractive parameters of Bi1 2SiO2 0 
J. Appl. Phys. 58, 40 (1985); 10.1063/1.335694 
 
Transport properties of photoelectrons in Bi1 2SiO2 0 
J. Appl. Phys. 56, 224 (1984); 10.1063/1.333756 
 
 
 [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:
143.106.108.149 On: Thu, 25 Jun 2015 14:22:30
Transport length~ quantum efficiency, and trap density measurement 
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Brazil 
(Received 5 November 1987; accepted for publication 20 February 1989) 
We report the measurement of diffusion transport length L D' quantum efficiency if; for 
photoelectron generation, and the Debye screening length and associated trap density NA in an 
undoped Bi12Si020 (ESO) photorefractive crystal. The method is based on the optical erasing 
of holographically recorded gratings in the crystal. The measurement of the diffraction 
efficiency evolution is considerably facilitated pro fitting from polarization properties of 
anisotropic diffraction in BSO-type crystals in a self-diffraction experiment. Data processing is 
carried out using simple linear regression techniques for experimental conditions in two 
limiting situations: far from and well into trap saturation conditions. We prove that optical 
erasure closely verifies the decay law predicted by theory even if a highly contrasted pattern of 
light is used for recording. We measured NA = 6.3X 1016 cm-- 3 , agreeing in order of 
magnitude, with already reported values, but found out L D = 0.1 }Lffi, which is too much lower 
than data in literature for an electron-based charge transport material as this one. 
I. INTRODUCTION 
Photorefractive crystals are well-known recording ma-
terials that are particularly useful for holographic recording. 
The holographic interference pattern oflight projected onto 
the crystal produce a spatial charge distribution along the 
holographic vector direction due to photoconductivity and 
photoelectric carriers displacement and trapping. The elec-
tric field modulation due to this spatia! charge distribution 
produces a refractive index modulation via linear electro-
optic effect which results in a volume phase hologram in the 
crystal. Anisotropic characteristics ofthese crystals result in 
changes in polarization direction of diffracted beams which 
may be profited from for independently measuring diffract-
ed and transmitted beams in a simple two-wave mixing ex-
periment. 
Spatial charge distribution in BSO and other similar ma-
terials is basically dominated by transport properties of pho-
togenerated electrons. The transport length of photoelec-
trons is related to intrinsic material properties such as 
mobility, diffusion, and lifetime of photoelectrons which in 
turn are related to trap nature and concentration i.n the crys-
tal. From the analysis of equations describing the temporal 
evolution of the spatial charge-arising electric field in the 
crystal, it is deduced that the maximum holographic record-
ing sensitivity! is reached for KLD = 1, where K = 211"1 tJ, (t. 
is the hologram spatial period). Transport length and trap 
density are therefore relevant parameters both from theo-
retical and from practical application viewpoints. 
Drift lengths were measured for BSO by HOll et al. 2 
using transient photocurrent techniques reporting L E / 
E = 'T!-l = 8.5 !-lm/ (k VI em). H uignard and Micheron re-
ported' 7f! = 1.4 }Lm/(kV fcm) from photocurrent mea-
surements. Trofimov and Stepanov4 measured the diffusion 
length LD =O.3!-lm but for Bi!2Ti020 (BTO) using the ini-
tial portion of a holographic recording cycle for A. = 6328 A. 
Grousson et al. 5 also measured some properties ofBSO using 
a transient optical technique, reporting 7/--t=52 flm/(kV / 
cm). Mullen and Hellwarth,6 using the light-induced eras-
ing of spatial gratings, found LD =4 flm. Using a similar 
technique, Pauliat et al.7 reported L D = 3.4 j1.m. 
In this paper, we compute L D' the quantum efficiency ¢ 
of photoelectron generation, and the trap density N.4 in a 
BSO sample from the evolution of the self-diffraction effi-
ciency measured during erasure of a holographically record-
ed grating for different grating periods. For doing that we 
profitted from anisotropic properties of volume gratings re-
corded in BSO-type crystals which allow recording, erasing, 
and measuring using a very simple experimental setup. 
Although the use of erasing of an holographic grating 
for measuring some parameters of photo refractive crystals is 
not new{>--s (it has obvious advantages in the sense it is not at 
an affected by disturbances during holographic recording), 
we show that the self-diffraction setup in this work avoids 
the use of a Bragg-angle matched probe beam for diffraction 
measurement, so that improved and reliable results are ex-
pected. Besides that, a slightly different approach is used 
here that simplifies the processing of experimental data and 
allows easy computation of L D' ¢, and N A • 
Our experimental result for L11 is quite different from 
previously published data on undoped n-type BSO samples. 
This value was positively checked using a well-known ap-
proximation method. 1 The measured trap density IVA' in-
stead, agrees in order of magnitude with, but is somewhat 
higher than, most data from the literature. 
II. THEORY 
A holographically generated interference pattern of 
light of period a=21TfK represented by 
1= 10 0 + m cos Kx) (l) 
is projected onto the (110) face of a BSO crystal in a trans-
verse electro-optic configuration') with the x axis being par-
allel to the [ 1 TO] crystal axis" The resulting spatial distribu-
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tion of photogenerated electron density in the conduction 
band n(x), the density of positively charged acceptor 
centers NA (x), and the spatial charge arising electric field 
Esc (x) are represented by their first harmonics of a Fourier 
series development, respectivelyw: 
n(x) = Ito + (no/2)(aeiKx + a*e- iKx) , (2) 
NA(x) =NA + (N/j/2)(AeiKx+A*e-iKX), 
E(x) =E + Esc (x), (3) 
with 
(4) 
where E is the externally applied field in the crystal and no is 
the average steady-state den.sity of photoelectrons generated 
under uniform illumination 10 , Equation (1) may be also 
represented in complex notation as 
lex) = If) + lal2(meiKX + m*e iKx). (5) 
For photoelectron lifetime 7' very small compared to the ho-
logram recording time r sc , the contribution of a mobile pho-
toelectron charge may be neglected compared to that of ac-
ceptors, so that Gauss's equation should be written as 
iKeEse = qANA • (6) 
where q is the electron charge. The balance equation for the 
acceptor density is 
JA NA - = mgo - (A + a)no/r, (7) 
at 
where go = no/r is the photoelectron generation rate under 
uniform irradiance illumination 10 , For r4.rsc we may also 
assume quasistationary conditions for photoelectron genera-
tion on (x)/8t=O so that 
aNA (x) = _ 8j(x) _ D J 2n(x) , (8) 
at ax ax2 
wherej(x) represents the current density and D is the diffu-
sion coefficient for photoelectrons. From Eqs, (8), (2), (3), 
and (4) we get 
mgo - (A + a)n(/T = - iK;moCEsc + aE) + K 2noaD. 
(9) 
From Eqs. (6), (7), and (9) we obtain an expression for the 
time derivative of the spatial charge-arising electric field!! 
aE,c m(E +iED ) +EscO +K 2(2;-iK1E } 
at 
where 
ED=KDIfJ. = KksT /q, 
Ll) =lDr, 
LE=p·rE, 
r M =c!(qftno) 
is the Maxwell relaxation time, 
I., =J€kB T I (q2N .. ) 
is the Debye screening length, 
lE=€EI(qNAJ, 
(0) 
k B is the Boltzmann constant, and Eis the electric permittivi-
248 
ty. Taking m = 0 in Eq. (10), an expression is obtained for 
optical erasure w 
aEsc 1 + K 21: - iKIE 
--= - Esc/™ ----:---:-----
at 1 + K 2 L t - iKL E (II) 
which predicts an exponential decay for Esc with a charac-
teristic decay constant 
S=_l_ (1 +K 2Lt)(1 +K21;) +K2LEIE 
T M (1 + K 2 L t ) 2 + K 2L ~ (12) 
Substituting r M by its definition above and accounting on 
go = nair with 
if; 1 (l-R)(I-e-aJ)cosel (13) go = - 0 -----------'-
hv (1 - Re -al)d cos O2 
and assuming no external applied field (E= 0), Eq. (12) 
above becomes 
I €dhv 1 + K 2L ~ 
-=-------
S Q/1mp 1+ K2/; 
(14) 
where I is the effectively absorved irradiance in the crystal 
defined as 
I=.IocosO j (l-R)(1-e- a1) (15) 
cos f32 (1 - Re at) 
The crystal-air interface reflectance is R, the absorption co-
efficient is a, the crystal thickness is d, the effective absorp-
tion length of beams in the crystal is l = d Icos O2 , ¢ is the 
quantum efficiency of photoelectron generation at wave-
length A. = cI v, and () 1 and (J2 are the angles of incidence and 
refraction, respectively, in the crystal for the interfering 
beams. Substituting the well-known relation 
(16) 
into Eq. (14) and rearranging terms, we get the following 
relation for erasure: 
I Ehvd kBT 1 +K2Lt 
- = ----------
S q¢L ~ q 1 + K 2[; 
(17) 
Assuming K 2 I: -< 1 and rearranging terms in Eq. (11) the 
relation 
.L. = €hvd kBT (_1_ + K2) 
S q¢ q L~ 
(18) 
is obtained, in which case 1/ L ~ may be accurately comput-
ed from linear regression of 1/ S vs K 2 plotting of experimen-
tal data. Note that ¢ may be also computed from Eq. (18), 
but its value is dependent on the accuracy of other param-
eters there. 
For increasingly large values of K2, I /Sin Eq. (17) be-
comes asymptotic to 
(~)asy = €~;d k~ T /; (19) 
for the limiting condition K 2 L ~ and K 21; > 1. Substituting 
the definition of Is into Eq. (19) we get an explicit function 
inNA • 
(20) 
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Substituting the computed value of ¢; from Eq. (18) into Eq. 
(20), an experimental value for NA is obtained. 
m. DIFFRACTION EFFICIENCY 
The diffraction efficiency for BSO-type crystals in the 
transverse electro-optic configuration described before, and 
accounting on optical activity, is written as12 
7J = (1Tn3r.HEsc )2 (Sinpl)2 , (21) 
UcosO p 
where n is the isotropic refractive index, r41 the correspond-
ing electro-optic coefficient, 2() the angle between interfering 
recording beams into the crystal, and p the specific optical 
activity. From the experimental decay law for Esc in Eq. 
(11) and the relationship between Esc and 7J in Eq. (21) a 
similar decay law for ..fii may be written 
.iii = ..fifue - St 
with 
(22) 
(23) 
where (Esc)o is obtained making BE.jBt = 0 in Eq. (10). 
For nonexternaHy applied electric field (E = 0) we there-
fore get 
(Esc )0 <:::. mED = mKDlfi = mK(ksT Iq). (24) 
Substituting Eq. (24) into Eq. (23) we finally get 
.[ifu=( 1Tn3r41 )mK(klJT)(Sinpl). (25) 
\u cos B q p 
IV, EXPERIMENTAL RESULTS 
Figure 1 illustrates the experimental setup. Interfering 
beams (A = 5145A) from an Ar+ laser with approximately 
equal intensities (m= 1) are expanded, filtered, and colli-
mated producing an S!! 5 mm2 interfering-beam area at the 
sample. Writing and erasing on the crystal are controlled 
using a manually operated shutter in beam 12 while light is 
detected along direction 12 after the crystal. The BSO sample 
(lOX S.8X 1.71 mm3 ) usedina transversee1ectro-optic con-
figuration (interference fringes projected onto the (110) 
plane and K vector along [II 0 1> is placed between linear 
as );'·514 nm 
FIG.!. Experimental SEtup. 
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polarizers P and A for enabling choosing the polarization 
direction of the incident light both at the crystal and at the 
detector D, respectively. From anisotropic diffraction theo-
ryl2 the polarization direction ofthe diffracted beam is 90· to 
that of the transmitted beam when the polarization direction 
of the latter is parallel to the [00 1] crystal axis at the center 
of the sample. In this case the diffracted beam should easily 
be measured using polarizers P and A in spite of the fact that 
the diffracted beam is very sman (usually less than 1 % of the 
transmitted beam) in a purely diffusion-recording mecha-
nism. The signal from the p-i-n-diode D (UDT fast p-i-n-l 0 
with a good linearity in the useful irradiance range), is dis-
played in a chart reeorder (Hewlett Packard 7100BM). The 
response time of the detection-recording assembly system 
was measured to be less than 20 ms, being 6-45 times faster 
than response times for the erasing cycles in the experiment. 
The time evolution ofthe diffraction of beam I) (Fig. 2) 
along the direction of J2 was measured during erasure 
(closed shutter in beam J2 ). The resulting fii versus time 
data were plotted as in the example in Fig. 3, and a good 
agreement with the exponential decay law in Eq. (22) was 
verified. The last few points in Fig. 3 were disregarded si.nce 
for such low values the measured signal is less than 0.05% of 
the transmitted beam and probably becoming dose to the 
stray light level in the setup. Fitting experimental Iii vs t 
data to Eq. (22) allows computing the characteristic decay 
constant S for given values of J and K The J IS ratio data 
obtained in this way are plotted against K 2 and shown in Fig . 
4. The linear relationship shown there is in close agreement 
with the theoretical prediction from Eq. (18), thus meaning 
that we are far from saturation conditions. This means 
K21~«1, at least for K 2 <500X 1012 m- 2• From linear 
regression of I IS vs K2 data and comparison with Eq. 
(18)we compute Lv = 0.1 flm and if; = 0.89. Such results 
are reported in Table I and compared with similar data from 
other sources. 
From the experimental L D = 0.1 fim value and the 
theoretical relation in Eq. (16), we compute the "specific 
drift length" 
t'Ji = LEIE = L t/(ke T Iq) =0.04 flm/(kV lem), 
(26) 
which is also compared in Table I with similar data from the 
literature. 
TIME 
FrG. 2. Typical experimental writing-erasing cycle. ID in ordinates repre-
sents the diffraction of I, along 12 direction. In this case I, =~ 4. <) m W I em' 
and!, = 2.6mWicm2. 
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FIGo 30 Typical experimental J7; vs time evolution during erasure. 
The erasure was also studied using a much higher grat-
ing vector (counterpropagating recording beams with the K 
along [110 J axis). The measurement of S is rather uncertain 
in this case because the linear relationship in Eq. (22) holds 
very poorly in such trap saturation experimental conditions. 
Anyhow, I/S appears to have reached the asymptotic value 
described in Eq. (19) for K2 = 4090 X 1012 m-- 2 so that 
(1.-) = €hvl kBT ~-48 11m2 (27) S asy qifJ q 1;-
from which data the Is and therefore NA, [Eq. (20) 1 may be 
estimated to be 
Is =0.036 /tm, NA = 6.3XlO16 cm~3. (28) 
V. DISCUSSION OF RESUI.. TS 
We describe a simple method for computing L D' ifJ, and 
NA from hologram optical erasure experiments. The method 
profits from the linear relationship between l/S and K 2, for 
K 2 small enough in order to neglect trap-saturation effects. 
In this case Lv and 1> may be accurately computed using 
TABLE t Experimental results from different sources for BSO at 514.5 nrn. 
Lf} TP. 
40 
30 
FIOA. Experimental! ISvs K2 data and their best fitting to Eq. (18) (con-
tinuous line). LD = 0.1 }lm and <P = 0.89 were found. 1 is defined in Eq. 
(15). 
simple linear regression techniques. For high values of K 2 
instead, the predominant trap-saturation effects allow inde-
pendently computing NA , without application of any exter-
nal electric field. 
Our measured valueNA = 6.3 X 1016 cm-- 3 agrees in or-
der of magnitude with data reported in literature for un-
doped BSO crystal (Table I). Our experimental Lv = 0.1 
pm, however, is too small compared to already reported val-
ues. From the definition of Lv = ~D7 and assuming 
T== (yNA. ) -! where r is the electron-acceptor recombina-
tion constant, and assuming that both D and r are not depen-
dent on trap concentration, we deduce L D cc 1/.JN A. • There-
fore, we conclude that if we assume an electron-based 
transport mechanism, our tenfold lower LD value (com-
pared to others sources in Table 1) should require a hun-
dredfold higher NA value, which is clearly not the case here. 
OUf value for LD was positively checked using an approxi-
mate method based on the measurement of the maximum of 
the sensitivity 'J.. == (8EsJ at) t= 0 vs K curve, as shown in 
Fig. 5. It is known from theoryl that the maximum sensitiv-
ity is reached for KL v = 1. From data in Fig. 5 we found 
Method (jlm) (pm/kVlcm) 
Transient 
photocurrent (2) 1.47b 
Photocurrent (3) 0.60" 
Absorption and 
Photoconductivity ( 17) 
Dill'. efficiency (4) < 0.3 
Transient opt. 
polarization changes (5) 3.6 
Ditr. efficiency (6) 
erasing 3.9 
Diff. efficiency (7) 
erasing 3.4 
Dill'. efficiency 
erasing' 0.1 
"This paper. 
• Computed from Eq. (16). 
CFor Bi,zTi020. 
250 J. Appl. Phys., Vol. 66, No. i. 1 July 1989 
8.5 
1.4 
0.35" 
52 
62'0 
45' 
O.4b 
0.60 
4.5 
2.1 
5 
9 
0.85 2.5 
1.4 
1.67 
0.89 3.0 
1.6 
1.4 
0.8 
6.3 
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lO 
Vi 
0-
~ 
i 
~ 
>-~ (1,5 
I-
m 
~ 
FIG. 5. Sensitivity ::£ 2' (JE"j at) 1-- 0 plotted against K during erasure. 
From maximum, LD ",,0.1 p,m is computed. 
L D "'" 0.1 /Lm in close agreement with our previous result, A 
question arises whether such Iowa value for Lp may be due 
to holes and not electrons as the transport charge carriers in 
our sample, Some auxiliary measurements were carried out 
to find out the energy coupling direction in two-wave mixing 
experiments,!3 and the sign of the '41 coefficient,14,15 from 
which information the sign of charge carri.ers may be found 
out. We also measured the direction of hologram movement 
under applied electric field as suggested by Stepanov and co-
workers. 16 Both experiments showed the electrons to be the 
predominant carriers here, 
All theory in Sec, II is based on the assumption that the 
photoelectron and spatial charge density distributions and 
the corresponding electric field in the crystal may be ade-
quately descri.bed by their first Fourier development term 
only. This is strictly true only for very low contrast coeffi-
cient (m -< 1) which is not the case here. Due to Bragg-dif-
fraction conditions, however, it is only the first Fourier term 
which is significant for the analyzed diffraction phenomena, 
even for m~ 1, as far as linear superposition verifies 
throughout. This is certainly the reason for the dose agree-
ment of experimental data (Figs. 3 and 4) and theoretical 
predictions [Eqs. (22) and (I8), respectively] even for our 
m = 1 experimental conditions. 
VI. CONCLUSIONS 
Different methods have been already reported in litera-
ture for computing L p , cp, and NA in photorefractives, par-
ticularly for BSO~type crystals. OUf paper shows that it is 
interesting to process experimental holographic optical eras~ 
ing data separately for far-from trap saturation conditions in 
order to compute Lv and ¢, and for wen~into saturation 
conditions for computing N A • 
251 J. Appl. Phys., Vol. 66, No.1, 1 July 1989 
OUf measured N A roughly agrees in order of magnitUde 
with already reported data, but OUf measured L D is much 
lower compared to data in literature for such material. In 
spite of the low value of L D, we found out that, as for most 
such samples in literature, electrons are the predominant 
charge transport carriers here, 
Our experimental results using m = 1 do closely agree 
with predictions from theory where it is always assumed 
m « 1, It seems to us that such an agreement is actually to be 
expected as long as diffraction experiments based on Bragg 
conditions are involved and as long as the superposition 
principle holds. This is actually the ca..'ll': for the far-from 
saturation experimental conditions which led to accurate 
computing of Lv and 4>. The estimation of NA , however, is 
not so reliable for it depends on trap saturation experiments, 
It is worth remarking that detailed records concerning 
the growth and the following processing of our BSO sample 
were not available to us. 
Note added in proof By the time we received the printed 
proofs of this paper, the private communication in Ref. 10 
had already been published (Ref. 18). 
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